We developed a radiation detector based on an organic scintillator for spectrometry and dosimetry of out-of-field secondary neutrons from clinical proton beams. The detector consists of an EJ-299-34 crystalline organic scintillator, coupled by fiber optic cable to a silicon photomultiplier (SiPM). Proof of concept measurements were taken with 137 Cs and 252
INTRODUCTION
Pencil beam scanning (PBS) proton therapy is an advanced external radiation therapy technique, which has the advantage of a precise geometrical confinement of the treatment dose to the target volume. The neutrons produced by nuclear reactions of high energy protons within the target volume and throughout the patient and the treatment room, however, are much less limited in range. Limiting this spurious secondary radiation is important in mitigating the risk of occurrence of secondary cancers, whose incidence increases with patients' survival times after the primary treatment (1) . It is important to characterize the production of secondary neutrons to validate current facilities, as well as drive the design of new ones and assess the risk of developing secondary malignancies. A compact, real-time dosimeter would provide clinical beam operators with additional feedback parameters, such as in-phantom measurements of instantaneous dose rate during dose assessment of clinical protocols, as well as provide a point-like detector for treatment planning, field verification on commissioning, and other non-clinical experiments.
The state-of-the art dosimetric characterization of these fields relies on active and passive detectors. One example of active detectors is the Bonner sphere spectrometer (BSS) system. BSS are able to perform spectrometry measurements in a broad range of energies. However, BSSs are bulky detectors, and can only be used to measure the neutron spectrum at a distance from the irradiation volume. Standard BSSs are not suited for real-time measurements.
Recently, due to improvements in unfolding methods and scintillating materials, there has been interest in compact dosimetry using scintillation detectors (2) . Small-size scintillators capable of discriminating between particles with different linear energy transfer (LET) are now available and can operate in real time. Their point-like nature allows for improved position resolution, and their organic composition of primarily carbon and hydrogen minimizes material discontinuities in the case of in-phantom and in vivo measurements. Current production methods of organic scintillators allow for detectors with thicknesses as low as 0.5 mm. These three features, i.e. small size, real-time readout, and PSD capability, makes them suitable for in-phantom measurements in mixed fields and 3D mapping of neutron dose profiles.
DETECTOR DESIGN
Our detector consisted of a 3 × 3 × 6 mm 3 Eljen Technology (Sweetwater, TX) EJ-299-34 crystal, coupled by a 1.5 m fiber optic cable to a SiPM. Silicon-based optical glue was used to couple the crystal to the fiber optic. Two types of SiPMs and acquisition chains were used: a SensL (Cork, Ireland) J-Series 6 × 6 mm 2 and a Hamamatsu MPPC S13360-1350CS 1.3 × 1.3 mm 2 . Unamplified J-series SiPM pulses were digitized and acquired in list mode using a CAEN Technologies (Viareggio, Italy) DT5730 desktop digitizer. The digitizer transmitted the pulses in real-time to a personal computer for post-processing and data analysis.
Conversely, pulses acquired by the Hamamatsu SiPM were amplified by CAEN SP5600, which also provided bias voltage, and were read out in list mode by a CAEN DT5720A desktop digitizer.
Silicon Photomultipliers are a matrix of reverse biased, Geiger-mode avalanche photodiodes (APDs), and are increasingly being used for scintillation light readout. They are lightweight and compact, compared to photomultipler vacuum tubes. Additionally, each APD is single photon sensitive. SiPM light readout can considerably reduce detector footprint. They also feature sub-nanosecond timing resolution, and can preserve the pulse shape produced by scintillators, making them suitable for measurements in intense radiation fields with high gamma-ray background, such as PBS facilities.
METHODS, ANALYSIS AND SIMULATION

Pulse shape discrimination
To verify the pulse shape discrimination (PSD) capabilities of the detector, we irradiated it from a distance of 5 cm with a 252 Cf spontaneous fission source, emitting neutrons and gamma-rays. We calibrated the detector electron-equivalent light output to the 137 Cs Compton edge. The electron-equivalent light output of a pulse in a scintillator, measured in electron-equivalent electron Volts, or eVee, refers to the energy required for an electron to produce a pulse with equivalent light output (3) . Recoil protons from elastic neutron scattering on hydrogen typically produce much smaller pulses compared those produced by gamma-ray secondary electrons of the same energy. This difference is due to relatively larger amount of quenching energy deposited by higher LET particles. There are multiple radiative decay and quenching mechanisms in typical organic scintillators, however, two main decay constants can be identified in typical pulses, corresponding to prompt and delayed emitted light (4) . The prominence of the delayed component is related to the excitation density in the crystal; heavy, slow particles with high LET produce more delayed light than fast electrons, i.e. recoil products of gammaray scattering (4) . We used a charge-integration approach to exploit this phenomenon and discriminate between pulses produced by neutron and gamma-ray interactions (5) . Each pulse was split into a prompt and tail components, and integrated. A pulse shape parameter, S, was constructed from an arbitrary ratio of the tail integral to the total pulse integral, and used for PSD.
Spectrum unfolding
The main radiation detection interaction in organic scintillators is neutron elastic scatter on hydrogen nuclei. The energy deposited by neutron elastic scattering is stochastic and follows a wide spectrum, ranging from zero to the energy of the impinging neutron. To determine the neutron energy spectrum being measured, we used an unfolding technique. Spectrum unfolding requires the solution of an inverse problem to determine the unknown neutron spectrum, which requires the careful characterization of the detector response. We simulated pulse height distributions corresponding to the response of the EJ-299-34 to monoenergetic neutrons, for 500 evenly-distributed 10 keV energy bins from 0.1 to 50 MeV, using MCNPX-PoliMi. We used MPPost, a Fortran MCNPX-PoliMi post-processing code, to convolve the detector light output response with the simulated neutron fluence and produce a corresponding pulse height response.
MPPost uses best-fit models for light output data to map deposited energy, E n , in MeV to electronequivalent light output, L, in MeVee, and applies a Gaussian smear to account for the detector's energy resolution (6) . The model used in this work is reported in the following equation.
. 1 , and = C 0.296 − MeV 1 were chosen to best fit the light output curves measured in a time-offlight experiment (7) . The simulation consisted of a 3 × 3 × 6 mm 3 crystal irradiated along the 3 × 3 mm 2 side with monoenergetic neutrons, by a parallel 4 cm-diameter cylindrical beam. The room, readout electronics, fiber optic, etc. were not modeled. The detector response matrix determined is displayed in Figure 1 . The pulse height at the peak is linear with the energy deposited by neutron collision. To validate the ability of the detector to perform neutron spectrometry, we unfolded the neutron spectrum from the 252 Cf measurement using the MAXED MXD-FC33 unfolding algorithm, part of the UMG software package, version 3.3.
Unfolding is a method of estimating a true energy dependent fluence rate, ϕ(E). It requires the measured pulse height distribution C, and a priori, i.e. an initial estimate of the neutron flux, as well as a response function for the detector R(E). It deconvolves the energy spectrum from the neutron response function using Bayesian inference (8) . This is done by discretizing the flux and response function by energy, approximating the response function convolution with left multiplication by the response matrix, and attempting to solve the inverse problem for ϕ(E j ), as in the following equation.
The MAXED (MAXimum Entropy Deconvoloution) is an iterative algorithm for neutron spectrum unfolding, which works under the principle of entropy maximization. It has been well documented in the literature (8) . The response matrix represented in Figure 1 was used in the calculation.
Dosimetry
The result of unfolding is an estimate of the neutron fluence rate ϕ(E), integrated over the detector active volume. Ambient dose equivalent, H * (10), over all neutron energies is calculated as follows:
h E is the fluence-to-ambient dose conversion coefficient.
RESULTS
A scatter density plot of the pulse shape parameter, S, as a function of electron-equivalent light output is displayed in Figure 2 . Figure 3 shows the PSD-separated pulse height distributions of neutrons and gamma rays in the 252 Cf measurement.
The results from both measured and MCNPXPoliMi simulated pulse height distributions with 252 Cf are compared to the Watt fission spectrum in Figure 4 . The unfolded spectra agree well with the theoretical distribution.
The ICRP-74 dose equivalent from the 252 Cf measurement is displayed in Table 1 . The dose equivalent is calculated by weighting the absorbed dose, as in Equation (3), by an energy dependent flux to ambient dose equivalent conversion (9) . Dose equivalents calculated from the unfolded spectra overpredicted the theoretical dose by 1.4% for the measured and 4.6% for the simulated spectra. The agreement could easily be improved upon with a more detailed response function simulation.
PRELIMINARY FIELD TEST
We performed a preliminary field test in the proton therapy facility Bronowice Cyclotron Center (CCB) IFJ PAN, using the isochronous cyclotron Proteus C-235 (IBA, Belgium). We used EJ-299-34 crystals of two sizes: 3 × 3 × 6 mm 3 and 3 × 3 × 0. Cf irradiation. The top region corresponds to neutron generated pulses; the bottom to gamma-ray generated pulses. SiPMs by fiber optic cable, in a fiber optic compatible dark box. We used the Hamamatsu for its compatibility with the fiber optic, with the goal of improving light readout. Irradiations took place in the patient treatment room, where anthropomorphic 5 and 10 years CIRS (Norfolk, Virgina) phantoms were irradiated with a spot scanning beam, incident from various angles. Due to the poor resolution of the SiPM (667 avalanche photodiodes on the Hamamatsu MPPC versus 60 035 on the SensL J-series), the detector was unable to clearly resolve a discriminating line between pulses produced by neutrons and gammarays using PSD, making unfolding the neutron spectrum impossible.
DISCUSSION AND CONCLUSION
A simple compact organic scintillator detector using a 3 × 3 × 6 mm 3 EJ-299-34 crystal, and capable of real time neutron dosimetry is demonstrated. Light readout was done with a fiber optic directed at a SiPM, giving the detector compactness, as well as flexibility in positioning. Compared to current dosimetry solutions it is small, light, PSD capable, sensitive to fast neutrons and requires a low-voltage bias.
In preliminary tests, we calibrated to the 137 Cs Compton edge. The system was PSD capable. We unfolded a 252 Cf neutron spectrum, achieving good agreement to the Watt spectrum. We convolved the unfolded neutron spectrum with flux-to-ambient dose conversion coefficients, achieving a total measured ambient dose equivalent within 1.5%. The system could also be used to estimate the dose received by a specific organ or tissue, the neutron dose equivalent at a point inside a phantom can be evaluated by weighting the energy fluence distribution by the kerma factor and the radiation quality factor.
A slightly different configuration of the detector was used for measurements at the CCB proton therapy facility in Kraków. This detection system was unable to discriminate between neutrons and gamma-rays with PSD. While good PSD capabilities have been reported for large crystals of this material, charged recoil particles may not deposit the full energy within smaller crystals, affecting the PSD capability (5) . PSD is an inherently difficult problem in the high photon flux produced by clinical beams. A telescope design is being investigated to help mitigate this issue.
We plan to further develop this detector by improving the coupling, and replacing the EJ-299-34 with a stilbene scintillator, which has been shown to have superior PSD capabilities. A second measurement campaign is underway at the Michigan Medicine radiation oncology clinic. 
